The basal dendritic arbors of over 500-layer III pyramidal neurones of the macaque cortex were compared by fractal analyses, which provides a measure of the space filling (or branching pattern) of dendritic arbors. Fractal values (D) of individual cells were compared between the cytochrome oxidase (CO)-rich blobs and CO-poor interblobs of middle and upper layer III, and between sublaminae, in the primary visual area (V1). These data were compared with those in the CO compartments in the second visual area (V2), and seven other extrastriate cortical areas (V4, MT, LIP, 7a, TEO, TE and STP). There were significant differences in the fractal dimensions, and therefore the dendritic branching patterns, of cells in striate and extrastriate areas. Of the 55 possible pairwise comparisons of fractal dimension of neurones in different cortical areas (or CO compartments), 39 proved to be significantly different. The markedly different morphologies of pyramidal cells in the different cortical areas may be one of the features that determine the functional signatures of these cells by influencing the number of inputs received by, and propagation of potentials through, their dendritic arbors.
INTRODUCTION
The application of recently developed methodologies such as patch clamp recording and imaging has provided new insights into the importance of dendritic structure for cellular processing. The structure of dendritic arbors may influence the integration of inputs by individual cells in a number of different ways. For example, the number of bifurcations, length and diameter of the dendrites, and the distribution of inputs within the arbor, reportedly affect the propagation of potentials to the somata of neurones. Furthermore, the number of branches influences the spread of back propagating potentials within dendritic arbors (see Refs. 1-5 for reviews).
Recent studies have shown that pyramidal cells, the principal projection neurone of the cerebral cortex, show marked phenotypic variation amongst different cortical areas. [6] [7] [8] [9] Differences in the number of branches, and spines, in the arbors of cells in diverse visual areas result in the potential to integrate different numbers of inputs, which may result in highly specialized processing (e.g. Ref. 9) . Given that dendritic branching patterns are also critical in determining the potential for compartmentalization of processing within their arbors, it is essential that interareal differences in dendritic branching patterns be quantified if we are to better understand specialized aspects of cellular function in the cerebral cortex. Whilst previous studies have documented differences in various aspects of cell morphology in macaque visual cortex, 6,10,11 data were analyzed a priori according to the processing pathways of Ungerleider and Mishkin. 12 Aspects of pyramidal cell morphology have not yet been compared objectively across cortical areas. Moreover, branching patterns of the basal dendritic arbors of pyramidal cells have not been compared across processing pathways.
Fractal analyses allows the objective determination of the complexity, or space filling capacity, of dendritic arbors. Although it is controversial as to whether biological objects are fractal in nature, 13, 14 the methodology provides a useful tool for making relative comparisons of the morphology of populations of cells. [15] [16] [17] [18] Moreover, aspects of cell morphology, as revealed by fractal analyses, may be correlated with functional properties of different populations of cells. [19] [20] [21] [22] [23] [24] In the present study, we used the dilation method to determine the fractal dimension (D) of individual layer III pyramidal neurones in nine different cortical areas involved in visual processing. We found that of 55 possible interareal comparisons of D values, 39 were significantly different (71%), revealing hitherto unknown variation in the branching patterns of pyramidal cells in the macaque cerebral cortex.
MATERIALS AND METHODS

Cell Injection, Immunohistochemistry and Cell Reconstruction
Cells for the present study were obtained from six macaque monkeys (Macaca fascicularis) between 14 to 28 months of age (Table 1 ). All cells were the same as used in previous studies. 
Fractal Analyses
Fractal analyses were performed using the public domain NIH Image Program (developed at the US National Institutes of Health, Bethesda, MD, and available on the Internet at http:// rsb.info.nih.gov/nih-image/). Fractal analyses includes a number of different algorithms, such as box-counting, mass-radius and the dilation method. The dilation method based on the MinkowskiBouligand dimension, 27-29 offers the advantage that it incorporates all points in the dendritic arbor, unlike the other methods, and is well suited for analyses of skeletonized images of dendrites. 23 The fractal dimension (D) was calculated for each cell by first replacing each pixel incorporated in the skeletonized image of the dendritic arbor with a 3 × 3 array of black pixels. The operation was then continued with successive passes, up to a maximum of 24, with successive pixel replacement over the cumulative image. Arrays that were smaller than the smallest part of the image, or larger than the width of the image, were excluded from the analysis, according to previously published criteria. 30 The length of the border for each respective diameter was then determined by dividing the area of the outline by the width of the array. D values were then estimated from the slope of the log-log plot of dendritic area vs. the width of the pixel array. The final D was calculated by subtracting the slope of the regression line from 2. If inclusion of all data points resulted in an r 2 of less than 0.995, those associated with the smallest array size were omitted from the plot until a better straight line fit (r 2 ≥ 0.996) was obtained (see Ref. 30 ).
Statistical Analyses
Statistical analyses were made using the SPSS/PC+ software package (SPSS Inc., Chicago, IL.), and Statview for the Macintosh (Abacus Concepts Inc., Berkeley, CA). An analysis of variance was used to assess whether cell groups belonging to different cortical areas were significantly different. Post-hoc analyses included t-tests and Mann-Whitney U tests. If the data were normally distributed (−0.5 < skew < 0.5), t-tests were used, otherwise Mann-Whitney U tests were used.
RESULTS
Heterogeneity in the Fractal Dimension of Cortical Pyramidal Cells
Five hundred and eleven-layer III pyramidal cells from nine different cortical areas were included for analysis by the dilation method. Fractal values of cells were found to differ markedly between different cortical areas (Table 2 ), reflecting differences in their branching patterns ( Table 3 ). Further analyses, assuming an a priori distinction between the dorsal and ventral visual processing pathways revealed systematic differences in the fractal dimensions of cells in the different cortical areas.
Variation of Fractal Dimensions Within Visual Pathways
Neurones in visual areas of the ventral stream differed such that there was a trend for an increase in fractal dimensions with progression through these cortical areas (i.e. V1<V2<V4<TEO<TE; Fig. 2 Table 2 ). Neurones in the superior temporal polysensory area (STP), which reportedly occupies a higher level than all other cortical areas studied and contains cells which integrate across pathways, 31 had the greatest D values of all cells (Fig. 2 ).
Variation of Fractal Dimensions Across Visual Pathways
According to hierarchical models of visual processing (e.g. Ref. 32), cortical areas can be ranked at equivalent levels within the two pathways. For example, cortical areas MT and V4 reportedly occupy the third level, and areas 7a and TE reportedly occupy the fifth level, of the dorsal and ventral streams, respectively. The present results illustrate that the branching patterns of the dendritic arbors of pyramidal cells in these respective "pairs" of cortical areas clearly differ. Cells in area MT have, on average, a greater fractal dimension than those in area V4 (1.40 and 1.29, respectively), and cells in area TE have a greater fractal value than those in area 7a (1.42 and 1.34, respectively).
Modules in V1 and V2
Neurones in the different sublaminae of V1, which reportedly form the basis of projections to the two visual processing streams, had different distributions of their D values, reflecting the greater number of branches in the dendritic arbors of sublamina IIIc as compared to those in sublaminae IIIa/b 10,11 ( Fig. 2) . A post-hoc t-test revealed the difference to be significant (t (158) = −4.24, p < 0.05). However, there was no significant difference in the fractal dimensions of neurones in the blobs and interblobs in sublaminae IIIa/b of V1 (U = 1871, Z = −4.92, p = 0.622). In V2, neurones in the cytochrome oxidase (CO)-rich thick bands had higher D values than those in the CO-rich thin and CO-poor interbands (Table 2) , which proved to be significantly different (Table 3 ).
DISCUSSION
By using fractal analyses, we have demonstrated significant and systematic differences in the branching patterns of the basal dendritic change fields to trees of supragranular pyramidal neurones in different cortical areas of the macaque monkey. Objective analyses of the basal dendritic arbors of over 500 cells in the different cortical areas revealed that over 70% of possible pairwise interareal comparisons of fractal values were significantly different. These results support and extend previous findings of morphological heterogeneity of a specific cell type (pyramidal cell), within the same cortical layer, in cortical areas involved in visual processing.
Fractal Values in Cortical Visual Processing Pathways
There is a general trend for cells with larger, more complex and more spinous basal dendritic arbors in higher cortical areas in the proposed anatomical hierarchies. 6, 10, 11, 33 The present data parallel those findings in the sense that, in general, cells in progressively "higher" cortical areas were characterized by progressively greater fractal dimensions (Fig. 2 , Table 2 ). This trend was particularly striking in the ventral processing pathway, where there was a successive increase in fractal dimension of cells in cortical areas V1, V2, V4, TEO and TE. With one exception (area 7a), the fractal dimensions of cells in cortical areas of the dorsal pathways (V1, V2, MT and LIP) accord with the proposed cortical hierarchies of Felleman and van Essen. 32 Neurones in area STP, which reportedly integrate inputs from both the dorsal and ventral processing pathways and integrate polysensory inputs, 34,35 had higher fractal dimensions than those in all other areas studied in the occipital, parietal and temporal lobes.
Module-Specific Branching Patterns
As well as using fractal analyses to distinguish pyramidal cells in different cortical areas, we were able to distinguish subpopulations of cells reportedly associated with the two processing streams within the primary and second visual areas (see Refs. 10 and 11 for details). In V1, for example, neurones were analyzed according to which sublaminae they were located. Neurones in the different 31 Ventral stream data for V1 were sampled from middle and upper layer III, those of V2 included cells located at the base of layer III within the cytochrome oxidase (CO) thin bands. Dorsal stream data for V1 were sampled from sublamina IIIc, those of V2 were located at the base of layer III in the CO thick bands. Data for STP is illustrated in both pathways as it has been placed at the top of these pathways by various authors (e.g. Refs. 31 and 74).
sublaminae of V1 are reportedly incorporated in the different pathways: those in sublamina IIIc being part of the dorsal pathway whereas those in sublaminae IIIa/b are included in the ventral pathway [36] [37] [38] (but see Refs. [39] [40] [41] . The present results show significant differences in the D values of pyramidal neurones in these different sublamina. However, while cells in the CO blobs are significantly larger than those in the interblobs and have different degrees of bias in their dendritic arbors, 11 we failed to find a significant difference in the D values of cells in these different CO compartments. Thus, some aspects of the dendritic and axonal arborizations of pyramidal neurones in these CO compartments differ significantly, 11, 42 whereas other aspects of their morphology appear not to.
Similarly, neurones in V2 have been grouped into one of the two streams revealed by patterns of CO histochemistry. Briefly, neurones in the CO-rich thick bands reportedly receive projections from sublamina IIIc of V1, and project to area MT. Neurones in the CO-rich thin and interbands receive projections from middle and upper layer III and layer II of V1, and project to the ventral pathway. [43] [44] [45] [46] We found a significant difference in the D values of layer III pyramidal neurones in these CO compartments in V2, whereas analyses of previously published data 10,11 revealed no significant difference in the size of the basal dendritic fields of neurones in the different CO compartments in V2. Thus, the results in both V1 and V2 highlight the importance of analyzing morphological features by a number of converging methodologies. Moreover, the overall results show that fractal analyses is a useful tool in distinguishing populations of functionally related, but different, pyramidal cells in cerebral cortex.
Methodological Considerations
Arguably, differences in the branching patterns of supragranular pyramidal cells in the different cortical areas may be attributed to inter-individual differences, area-specific rates of maturation or environmental factors. [47] [48] [49] [50] However, comparison of cells in multiple areas, sampled from the same hemisphere, reveals consistent marked, and systematic, differences in cell structure. 33 Moreover, interareal comparisons of pyramidal cells in man, 51 macaque, 6, 10, 11 and marmoset 33 show similar trends for differences in the pyramidal cell phenotype in different cortical areas, despite the fact that data from each species represent different developmental ages.
Another possibility is that interareal differences in cell morphology presented here reflect differences in subpopulations of pyramidal cells which form projections to different regions. For example, morphology of pyramidal neurones within a given cortical layer may vary significantly according to their projection targets, [52] [53] [54] [55] [56] and the proportion of these cells may differ amongst cortical areas. [57] [58] [59] However, as cells in the present study were injected pseudo-randomly, any such difference would still reflect differences in circuitry in different cortical areas. Given the consistency of the trends for variation in the morphology of over 1500 pyramidal cells in different cortical areas in man, macaque and marmoset, we are reasonably confident that the results presented here reflect an organizational principal of the cerebral cortex of higher primates.
Functional Interpretations
As demonstrated originally by Rall, 60 nonlinear integration may lead to compartmentalization of processing within dendritic arbors (see Refs. 3, 5, 61-63 for reviews). The function significance of differing capabilities to compartmentalize inputs within pyramidal cell dendritic arbors was recently demonstrated by Poirazi and Mel 64 who showed that compartmentalization acts as a mechanism for boosting cellular potential for learning paradigms: a linear increase in the number of dendritic branches results in a logarithmic increase in input-output functions. Thus, pyramidal cells in areas such as TE and STP, which are characterized by large complex dendritic arbors (Ref. 6 and present results), may have greater functional capacity than smaller, less complex cells such as those in areas V1 and V2.
As well as affecting the retrograde propagation of potentials, orthograde, or "back" propagation [65] [66] [67] is also influenced by the structure of dendritic arbors (see Refs. 1, 4 and 68 for reviews). Decay of the back propagating potential, which serves to potentiate synchronously active inputs 69, 70 throughout the dendritic arbor is crucially dependent on the number of branch points. 71 These features have not yet been tested rigorously in cortical pyramidal cells with markedly different interareal phenotypic variation, however, supragranular pyramidal cells in cortical areas V1 and TE show diametrically opposed responses following tetonic stimulation (i.e. LTP vs. LTD). 72 Furthermore, large spinous cells characterized by complex branching patterns, such as those in temporal cortex, are capable of performing shape-dependent direction selectivity, 73 which may depend on compartmentalization of processing within their dendritic arbors. Further experiments are required to establish whether these functional differences may be partly attributable to differences in the propagation of potentials through dendritic arbors. Matching the differing morphologies of pyramidal cells in different cortical areas directly to functional characteristics remain exciting challenges for future studies. 
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